2 (2, 3) . However, the mechanistic details of how excess RA arrests hair follicle (hf) growth have not been explored in depth.
Hair follicle induction and growth is dependent on interactions between the epidermis and underlying mesenchyme (4, 5) . Several essential pathways, such as the Wnt, Shh, BMP and FGF pathways, are essential in these reciprocal signaling events necessary for hair follicle morphogenesis and differentiation (6) (7) (8) (9) (10) . Initially, a local thickening in the embryonic epidermis forms a hair placode and subsequently, a dermal-cell condensate forms underneath the placode. Interactive signaling leads to epidermal downgrowth, with the epithelial cells enveloping the dermal condensate to form the mature dermal papilla (DP). The DP is responsible for signaling the surrounding epidermal hair matrix cells (MX) to differentiate into the hair shaft, inner root sheath (IRS) and outer root sheath (ORS) (9) .
Mouse skin develops four hair types (guard, zig-zag, awl, and auchene) that can be distinguished by length, the number of medulla columns and number of bends in the shaft (11) . Guard hairs develop at embryonic day 14.5 (E14.5) during a primary wave of hair growth induced by Eda/Edar signaling (5) . A secondary wave at E16.5 gives rise to awl and auchene hairs, and a tertiary wave at E18.5 is responsible for zigzag hair. Noggin and Lef1 signaling are known to be required for induction of secondary and tertiary hair wave. Recently, the molecular basis that establishes the different hair type has begun to be elucidated. Insulin growth factor-1 (Igf1)-mediated signaling, involving Igf1 and several Igf binding proteins (Igfbps) have been shown to play an important role in the establishment of the hair types (12, 13) . Moreover, all DP of hfs from the first and second wave (guard, awl and auchene) express the transcription factor Sox2. A characteristic profile of the DP in zigzag hf (third wave) is the absence of Sox2 expression (14, 15) . In addition to the initial hair morphogenesis, throughout life the hair follicle cycles through a growth phase (anagen), regressing phase (catagen), and a resting phase (telogen) (9) (10) (11) .
Excess RA has been shown to induce catagen-like hf regression in human hair cells, and it has been proposed to play a role in the maintenance of hfs and the hair cycle (2, 3) . Maintaining a proper balance of RA levels is critical for embryonic development. Retinol is a lipophilic molecule that circulates through the body bound to retinol-binding-protein (RBP4). A two-step synthesis converts the molecule to RA. In the first step cytosolic alcohol dehydrogenases (ADH) and microsomal retinol dehydrogenases (RDH) oxidize retinol to retinaldehyde. A second oxidation performed by aldehyde dehydrogenases (RALDH) results in production of RA. Once synthesized, RA can act in either an autocrine or paracrine manner (1) .
Enzymes of the cytochrome P450 26 subfamily (Cyp26a1, Cyp26b1, Cyp26c1) are involved in the specific inactivation of all-transretinoic acid (atRA) to hydroxylated forms such as 4-oxo-RA, 4-OH-RA, and 18-OH-RA. Differential expression of the enzymes responsible for regulating RA catabolism allows for the wide diversity of tissue and temporal specific RA functions. Studies on substrate specificity show that CYP26a1 and b1 are specific for atRA, while CYP26c1 metabolizes both atRA and the isomer 9-cis-RA (16) . Of the three cytochromes, Cyp26b1 is the only enzyme specifically expressed in the dermis surrounding the developing hair follicles (17, 18) . Human null and hypomorphic mutations in the gene encoding the RA-degrading enzyme CYP26B1 have been recently reported to lead to skeletal and craniofacial anomalies, including fusions of long bones, calvarial bone hypoplasia, and craniosynostosis (19) .
RA acts as a ligand for a heterodimer complex comprised of two classes of nuclear receptors, retinoic acid receptor (RAR) and retinoic X receptor RXR (1, 20, 21) . In the absence of RA the RAR/RXR complex recognizes and binds to the DNA retinoic acid response element (RARE). The complex recruits co-repressor proteins that inhibit downstream gene transcription. In the presence of RA, the RAR/RXR heterodimer releases the co-repressors and recruits co-activator complexes to the RARE sequence, initiating transcription of the downstream genes.
In order to dissect the molecular mechanisms of the impact of RA on hair follicle growth, we deleted Cyp26b1 in mice. We have characterized the phenotypic effects of excess RA on hair growth, and using grafts from Cyp26b1 -/-showed that normalization of RA levels results in hair follicles resuming growth. Also, to circumvent embryonic lethality we developed a conditional deletion model by crossing Cyp26b1f/f with a dermal-specific Engrailed-1 Cre (En1Cre). Analysis of En1Cre;Cyp26b1f/-mice has shown that elevated dermal RA levels result in decreased hair follicle density and specific effect on hair type, indicating that RA levels also influence regulators of hair bending. A comparison of transcriptional profiles from the Cyp26b1 -/-and En1Cre;Cyp26b1f/-mice has established new insights into how RA modulates hf type and downgrowth.
MATERIALS AND METHODS
Mice breeding and genotyping. Cyp26b1+/-and Cyp26b1f/f mice were generated and genotyped as previously described (22). The Cyp26b1f/f mice were kindly provided by Dr. H. Hamada. No morphological or histological differences were detected between Cyp26b1+/-and wild-type (WT) mice. PCR analysis was used to confirm the deletion of the floxed Cyp26b1 allele (22). Engrailed-1 Cre (En1Cre) mice were purchased from Jackson Laboratories and the activity of the cre recombinase was traced by mating with R26R LacZ (Jax3474) (The Jackson Laboratories, Bar Harbor, ME). No morphological or histological differences were detected between En1Cre;Cyp26b1f/+, Cyp26b1f/+ and WT mice. Cyp26b1f/+ where used as control mice. All animal work was approved by the NIAMS Animal Care and Use Committee.
Whole skin grafting. A full-thickness skin disc (8mm) excised from E18.5 Cyp26b1-/-(n=9) and WT or heterozygote littermate skins (n=9) was applied onto the fascia of the back of immunodeficient nude mice on the right side and on the left side, respectively. Dressings were removed after 7 days. Grafts were excised and divided along the anterioposterior axis after 8, 10 and 21 days. Hairs were plucked from the grafted tissues 21 days after grafting for microscopic analysis. These experiments were performed following NIH Animal Care Use regulations, with approval under Animal Protocol #LCCTP-053.
Northern blot. mRNA blot for mouse adult tissues were purchased from Clontech and used according to instructions. The probe used was Cyp26b1 mouse coding cDNA. After exposure, hybridized probes were removed by boiling filters in 0.1× SCC, 0.1% SDS. The blot was rehybridized with a cDNA probe for a human β-actin to control for RNA loading and integrity.
Histology, in situ hybridization and immunohistochemistry. Samples were fixed overnight at 4°C in 4% paraformaldehyde in 1X PBS, dehydrated, embedded into paraffin and 10 µm-thick skin sections were prepared and stained with hematoxylin and eosin. Alkaline-Phosphatase (AP) staining of whole embryos was performed following the instructions of the Sigma Leukocyte Alkaline Phosphatase Kit after fixation with 4% paraformaldehyde for 1 h at 4ºC. AP staining of frozen sections of dorsal skin from E16.5 and E18.5 WT, En1Cre;Cyp26b1f/-embryos and grafted skin were performed for a time period of 30 minutes at 37°C as instructed by the manufacturer. Slides were rinsed briefly by dipping in H 2 O then counterstained with nuclear fast red solution. Slides were rinsed in H 2 O and mounted with mounting medium. Digital photographs were taken at 20x and the length of the epidermis was measured using Image J software. AP activity was detected as a dark blue color in the dermal papilla. Hair density was calculated by dividing the total number of AP stained hair follicles by the total length of the epidermis. Hair shaft morphology and hair type composition were analyzed under a dissection microscope or at x100 magnification. At least 300 hairs were analyzed for each mouse. To quantify hair density of mice at P7, 3 mm punch biopsies were taken from the dorsal side of three En1Cre;Cyp26b1f/-and three control mice. Forceps were used to pluck the hairs from the biopsy punch and spread on microscope slides. A dissecting microscope was used to count the total number of hairs per biopsy punch. A subset of at least 300 hairs from each punch biopsy was analyzed at 20x magnification for hair type composition. An unpaired t-test (two-tail) was used to assess significance of the data.
Radioactive in situ hybridization on paraffin sections was carried out according to Morasso (2010) (23) using 33 P-UTP labeling. The following probes were used: Cyp26b1 (22) and Shh. The Bmp4 probe was generated to the 2-948 nucleotide residues of the mouse Bmp4 cDNA (Genbank accession no. NM007554). To assess the efficiency of cDNA synthesis and labeling, Poly A RNA was spiked to the samples and hybridization controls were added according to the manufacturer's instructions. WT samples were averaged and used as a baseline to mutant samples. The significantly affected genes (p < 0.05 and fold change ≥ 1.5) were selected based on ANOVA analysis by Partek Pro software (Partek, St. Charles, MO, USA).
Quantitative real-time PCR analysis (qPCR) was performed on a MyiQ™ Single Color Real-Time PCR Detection System, using iQ™ Sybr Green Supermix (Bio-Rad, Hercules, CA). Individual gene expression was normalized against the RPLPo housekeeping gene. Two-tailed Student's t-test was used to assess significance of the data. Primers used:
RNA-Sequencing (RNA-Seq). RNA-Seq data were generated with Illumina's HiSeq 2000 system. Raw sequencing data were processed with CASAVA 1.8.2 to generate fastq files. Reads of 50 bases were mapped to the mouse transcriptome and genome mm9 using TopHat 1.3.2 (24). Gene expression values (FPKM) were calculated using cufflinks/cuffdiff 1.3.0 (25), which also generates comparison statistics used to determine significantly differentially expressed genes.
Statistical analysis. All quantitative experiments were performed on at least three control and three mutant animals (Mean±SEM). Statistical analyses were performed on Prism 5 statistical software (GraphPad Software Inc., San Diego, CA), using T-test with a significance level of 0.05. *: p<0.05; **: p<0.01; ***: p<0.001.
RESULTS
Cyp26b1 is expressed in the developing skin and hair follicle -There are three members of the Cyp26 gene family-namely, Cyp26a1, -b1 and -c1. Cyp26b1 is the only one detected in the developing skin (17, 18, 22) . Cyp26b1 expression was corroborated by Northern blot analysis. A band of approximately 5.5 kb in size was detected in RNA from heart, brain, lung, liver, kidney, testis tissues ( Figure 1A ). We previously showed Cyp26b1 expression in E17.5 epidermal and dermal fractions (22). Herein, we determined the levels of expression in skin at different developmental stages (E14.5, E16.5, E18.5 and postnatal day 1, P1) using real time PCR analysis ( Figure 1B ). As previously reported for E17.5 (22), Cyp26b1 expression levels were higher in the dermal fractions for developmental stages E18.5 and P1. As visualized by in situ hybridization, the onset of Cyp26b1 expression in the developing skin is in the dermis at E14.5 and this expression was maintained after birth. Cyp26b1 expression commences in the mesenchymal cells surrounding hf buds around E14.5 and its expression becomes clearly associated with dermal condensate cells and dermal papilla cells late in gestation as well as after birth ( Figure 1C) .
Loss of Cyp26b1 perturbs hf development -Hfs in the mouse pelage begin to develop at E14 (5, 11) . We performed whole-mount alkaline phosphatase (AP) staining at E15.5, to determine whether there were any abnormalities in placode induction. No differences were detected in hair placode induction in E15.5 Cyp26b1-/-fetuses, which was comparable to that in WT fetuses ( Figure 2A ). Furthermore, expression of crucial regulators of hf placode formation analyzed by in situ hybridization revealed that Shh and Bmp4, were expressed in WT and Cyp26b1-/-skin (Supplementary Figure S1) .
Initial characterization through histology showed that most hf in the mutant Cyp26b1-/-embryos arrested at the germ stage. In many instances, hfs were engulfed and found protruding at the skin surface ( Figure 2B , E16.5 right panel). Furthermore, as previously reported, the most down-regulated genes in the microarray analysis of E16.E Cyp26b1-/-mutant skin were genes associated with hf differentiation (Krt12, Krt 25, Krt27, Krt28, Krt35, Krt71, Krt73, Krt85, HoxC13, Lhx2) (22). Ingenuity Pathway Analysis (IPA) placed these genes in a network linked to hf development (Supplementary Figure S2) , and this is in accordance with the arrested growth of hfs observed in the E18.5 Cyp26b1-/-mutant skin ( Figure 2B ). Since follicular dermal papilla cells express prominent AP activity during development, we utilized the AP detection to indicate the location of hf in skin. Quantification of the number of hf based on AP detection ( Figure  2C and D), confirmed that the number of hf was significantly decreased in Cyp26b1-null embryos compared with wild type (WT) littermates.
Next, we established that the Cyp26b1-null skin presented elevated levels of RA when compared to WT skin. RA is a small diffusible molecule, and its concentration is difficult to measure directly in tissues. Since alterations of RA concentration correlate to RARβ expression, quantification of RARβ has been used to determine levels of RA (22,26). We examined RARβ expression and determined that it was significantly higher in Cyp26b1-/-than in WT skin throughout the embryonic period between E15.5 and E18.5 (Fig. 2E) .
To establish the cellular and molecular aspects involved in the arrest of hf downgrowth in Cyp26b1-/-fetuses, we performed immunofluorescent staining for lef1, an essential regulator of early hf development, and determined that it was present in growth-arrested hfs in E18.5 Cyp26b1-/-fetuses ( Figure 3 ). On the other hand, Dlx3, a transcriptional regulator of hair differentiation (27), is absent in the mutant hair germs, while Dlx3-positive nuclei were detected in the suprabasal layers in Cyp26b1-/-skin. Altogether, these data show that while initial placode formation and hf patterning takes place in Cyp26b1-/-skin, the number of hfs is significantly reduced and hfs failed to develop beyond the germ stage.
Phenotype of transplanted Cyp26b1-/-skin shows normalization in skin and hf differentiation -Since Cyp26b1-/-mice die perinatally due to cleft palate malformations, we examined the development of the hfs in Cyp26b1-/-skin after birth, by transplanting sections from back skin of E18.5 Cyp26b1-/-and littermate control fetuses onto immunodeficient nude mice. By 8 days after grafting, skin differentiation and cornification can be distinguished at the histological level in Cyp26b1-/-and control grafted skins ( Figure 4A ). In addition, hair development was evident in both, Cyp26b1-/-and control grafted skin by 10 days after grafting. Three weeks after grafting, fully-formed shaft containing hfs are seen in both Cyp26b1-/-and control grafted skin. The mutant grafted skin is able to reinitiate and generate hair by 3 weeks.
Immunofluorescence with antibodies to the skin differentiation marker involucrin showed that it was expressed in the suprabasal layers of control and Cyp26b1-/-grafted skin indicating normalized differentiation in the stratified epidermis. The expression appeared to be in broader regions in Cyp26b1-/-grafted skin than in control-grafted skin after 8 and 10 days, but showed similar pattern to control-grafted skin at 3 weeks. Immunofluorescent staining for Dlx3 showed a correlation with the re-initiation of hair follicle development and Dlx3 expression in Cyp26b1-/-graft skin. There are four kinds of hair types in the mouse coat-guard, awl, auchene and zigzag (11) . We found all four types of hair in Cyp26b1-/-grafted skin as in control skin after 3 weeks ( Figure 4B) .
Determination of RARβ expression indicated that by 8 days after grafting the levels of RA have normalized in the grafted mutant skin, even in the absence of the Cyp26b1 RA-degrading enzyme ( Figure 4C ). The development and differentiation of Cyp26b1-/-skin and hf after grafting on immunodeficient nude mice indicates that normalization of RA levels is concomitant with reversion of the mutant skin phenotype.
Dermal-specific excess of RA in conditional En1Cre;Cyp26b1 f/-mice leads to hf development defects -Morphogenesis of hair shaft formation and cycling are influenced by signals originating in the dermal papilla (15) . Because Cyp26b1 was robustly expressed in the developing dermal papilla, we utilized Engrailed1 (En)-Cre and mice carrying floxed Cyp26b1 alleles to delete Cyp26b1 specifically in dermal papilla and in the dermis of the dorsal skin, and systematically investigate the impact of excess RA in hf differentiation after birth. En1Cre recombination in dermal condensates and mesenchyme begins by E14.5 (28,29). Specific En1Cre recombination was confirmed using the R26R reporter mice ( Figure 5A ). Genotyping revealed Cyp26b1 deletion by Cre recombinase with a targeted 0.5kb band in dermis but not in epidermis in En1Cre;Cyp26b1f/-mice ( Figure 5A, right panel) .
Analysis of dermal-specific conditional mouse models such as Hoxb6Cre;Cyp26b1f/-(22) or with En1Cre;Cyp26b1f/-(data not shown) determined that there was no significant difference between E18.5 control (Cyp26b1f/+) and cKO epidermis, as assayed by histology, cell envelope morphology and barrier function assessed by dye penetration assay. These results support that dermal expression of Cyp26b1 is not a sufficient effector for the development of the epidermal phenotype observed in Cyp26b1-/-skin.
Morphology of developing hfs was comparable between control and En1Cre; Cyp26b1f/-mice at E16.5, however, hf growth was detected at peg stage in E18.5 En1Cre;Cyp26b1f/-mice, compared with that in control ( Figure 5B ). Furthermore, as was the case for the E16.5 Cyp26b1 -/-( Figure 2B ), we observed hfs that were engulfed and found protruding at the skin surface ( Figure 5B, E18.5 panel, arrowheads) . We utilized the AP detection to indicate the location of hf in E18.5 En1Cre;Cyp26b1f/-skin. Quantification of the number of hf based on AP detection ( Figure 5C and D) , confirmed that the number of hf was decreased in E18.5 En1Cre;Cyp26b1f/-embryos compared to WT littermates. However, the number of hfs in E18.5 En1Cre;Cyp26b1f/-was higher than those quantified in mutant Cyp26b1-/-embryos.
We evaluated RARβ expression in control, En1Cre;Cyp26b1f/-, and Cyp26b1-/-mice. Realtime PCR determined that at E16.5, RARβ expression was three-fold higher in En1Cre;Cyp26b1f/-than in control skin, while it was eight-fold higher in Cyp26b1-/-than in control skin ( Figure 5E ). By E18.5, skin has differentiated and it is possible to separate epidermis and dermis fractions. These tissues were utilized to determine RARβ expression, which was undetectable in control and En1Cre;Cyp26b1f/-epidermis, but up-regulated by 8.3 fold in Cyp26b1-/-epidermis ( Figure 5E ). In the dermis, RARβ was significantly up-regulated by 2.3 fold in En1Cre;Cyp26b1f/-mice and nine-fold in Cyp26b1-null epidermis compared to control epidermis ( Figure 5E ). Altogether these results demonstrate that the level of RA in the dermal compartment of the murine embryonic skin directly correlates with hf development and density.
We analyzed the expression of hair transcriptional regulators in En1Cre;Cyp26b1f/-skin. We utilized Lef1 as an essential regulator of early hf development and Dlx3, a crucial regulator of hf differentiation. The expression of both factors was detected in E18.5 En1Cre;Cyp26b1f/-mice ( Figure 6 ). Altogether, these data show that albeit somewhat delayed when compared to WT, hf development and differentiation takes place in En1Cre;Cyp26b1f/-skin.
Postnatal absence of Cyp26b1 in dermis and in dermal papilla leads to impairment of zigzag hf development -We investigated whether hf differentiation was affected by deletion of Cyp26b1 in dermis and in dermal papilla after birth. Histological analysis revealed that hfs appeared to be reduced in number and that the orientation of random hfs was disturbed ( Figure  7A ). We evaluated hf density, which was significantly lower in En1Cre;Cyp26b1f/-mice than in control ( Figure 7B ). This is consistent with a portion of hf not culminating morphogenesis, as evidenced by the presence of forming hfs engulfed and protruding at the skin surface ( Figure 5B , 18.5E panel). However, we determined that Sox2 and Lef1 expression were maintained in P7 En1Cre;Cyp26b1f/-follicles. The hair coat consists of four different hair types, distinguished by hair length, the number of medulla columns, and the presence and number of bends (11) . We analyzed the hf types and found that in En1Cre;Cyp26b1f/-mice, 33% of hairs presented a single medulla layer, but lacked any bending. We termed these zigzag-like ( Figure 7C ). The percentages of guard and awl/auchene hfs were similar between control and En1Cre;Cyp26b1f/-but zigzag hfs were significantly decreased in conditional mutant mice ( Figure 7C ). The length and caliber of each hf type was comparable between control and En1Cre;Cyp26b1f/-mice ( Figure 7C ). These results suggest that the zigzaglike hfs failed to form the bends characteristic of zigzag hfs.
Next, we performed immunohistochemistry to analyze the expression of Igfbp5, a marker associated with bending in zigzag hairs, and found that it was comparable between WT and En1Cre;Cyp26b1f/-hfs ( Figure  7D ). We also confirmed that the absence of Cyp26b1 led to distinct RARβ expression in En1Cre;Cyp26b1f/-skin from postnatal 1 (P1) day to P7 (Figure 7E ), indicating that higher RA levels are present in the cKO skin after birth.
Profiling embryonic Cyp26b1-/-skin and En1Cre;Cyp26b1f/-dermis -We performed RNA-Sequencing (RNA-Seq) on WT and Cyp26b1-/-total skin samples at E16.5. For E18.5 En1Cre;Cyp26b1f/-samples, we separated the skin and sequenced the dermal and epidermal fractions. We profiled our three RNA-Seq data sets as well as our previous microarray data from the complete Cyp26b1-/-knockout at E18.5 (22) (Figure 8A and B; Table I ). The data sets have been added to the GEO database and have been assigned the number GSE40436. After filtering for genes that were differentially expressed 2-fold or more, all four analyses identified genes known to be involved in hair follicle downgrowth. A high number of keratins were down-regulated in each of the data sets, also consistent with arrest of hair morphogenesis at the hair germ stage (Figure 8 and Supplementary Figure S2) .
In an effort to identify genes and pathways potentially targeted by RA, we used Ingenuity Pathway Analysis (IPA) and compared each of the four data sets. Embryonic development, hair and skin development and function, and organ development was identified as the top network in all but the E18.5 En1Cre;Cyp26b1f/-epidermis samples. The category of hair and skin development and function appeared as one of the highest affected functions in all data sets (Supplementary Figure S2) .
IPA showed that a few interconnected canonical pathways were common across the data sets. FGF signaling appeared in the E18.5 complete knockout as well as the epidermis of the E18.5 dermal-conditional knockout. Wnt signaling was affected in all E18.5 data sets. RAR activation was upregulated in the E18.5 complete knockout, E16.5 Cyp26b1-/-, and in the dermis from the E18.5 En1Cre;Cyp26b1f/-knockout ( Figure 8A and B, Supplementary Figure S2 and Table I ). The analysis also identified Runx1, Foxe1, Sox18 and Sox21 as significant downregulated targets in hair downgrowth and differentiation into distinct hair subtypes in mice.
DISCUSSION
Our previous results demonstrated that persistent high RA concentration in the skin lead to altered embryonic epidermal differentiation and peridermal retention (22) . In this study, we used two mouse models to identify the role of endogenously generated RA in hf morphogenesis. The data presented herein support a model in which the control of RA levels in skin is of critical importance for normal hf embryonic downgrowth, differentiation and hair bending, and that the molecular mechanisms involve RA-regulated pathways.
Hf development involves specific patterns of inductive signals between the epithelium and the underlying mesenchyme. Genetic evidence has established significant roles for the Wnt, BMP and Shh during the interconnected steps necessary for the full morphogenesis and differentiation of the hf (5, 9) . Normal development of the epidermal placode and initial formation of the hair germ in Cyp26b1-/-and En1Cre;Cyp26b1f/-, in conjunction the detection of expression of lef1, Bmp4 and Shh in Cyp26b1-/-embryos, support that RA signaling is not required for hf placode induction and maturation to the germ stage.
The process of grafting mutant skin on immunodeficient mice was conducive to reinitiation of the hair growth, process that had arrested at germ stage in Cyp26b1-/-fetuses. The reinitiated hair growth was comparable to that of WT grafted skin. All four-hair types (guard, zigzag, awl, and auchene) developed in the grafted Cyp26b1-/-skin. These striking results support that the effect of excess RA is reversible. A significant result that correlates with the reversibility in hf growth capability is the similarity in RARβ expression level between Cyp26b1-/-and littermate grafted skin at 3 weeks after grafting.
Bioinformatic analysis of the gene expression data sets for Cyp26b1-/-and En1Cre;Cyp26b1f/-identify crucial pathways involved in hair and skin development function as one of the highest affected ( Figure 8 , Table I and Supplementary Figure S2 ). Since hf arrest at early germ stage in Cyp26b1-/-mice and hf density and bending is affected in En1Cre;Cyp26b1f/-mice, it was not surprising to find that a highly downregulated node established by IPA was the group of hair keratin and hf differentiation associated factors (Figure 8 ). Previous reports showed the direct control of epidermal keratins by RA (30-32). Due to the complex regulation by RA through multiple RXR/RAR and the variability of the RARE binding regions, it remains a challenge to define if this group of clustered hair-specific genes are direct RA-regulated targets during hf development.
Cross-regulation of nuclear hormone receptor and the canonical Wnt signaling pathways have been reported (33). An essential pathway in hf development that we show to be affected in these RA-excess mouse models is the Wnt signaling pathway (34,35). The role of Wnt signaling in placode and dermal condensate formation, hair shaft differentiation and hair cycling has been established (35). The canonical Wnt pathway utilizes β-catenin as a transducer, where Wnt proteins after binding the frizzled receptors and the low-density related proteins, stabilizes β-catenin, which is then translocated into the nucleus to act in conjunction with TCF and LEF to activate specific Wnt target genes (36). Several Wnt ligands are expressed in the epithelium and mesenchyme during hf development (37) and Wnt/β-catenin activity has been demonstrated in both compartments (38). Recent findings have shown the importance of a dermal β-catenin signaling in response to epidermal Wnts as the earliest required events for hf initiation (29). Previously, it was shown that sustained epithelial β-catenin induced precocious hair development but led to disrupted hf downgrowth and differentiation (39) . The expression results relating to the Wnt/β−catenin pathway in our Cyp26b1-/-and En1Cre;Cyp26b1f/-models are particularly interesting since we find upregulation of several catenins (α2, β1, δ1, δ2), with strikingly significant upregulation of β−catenin in the dermis of En1Cre;Cyp26b1f/-skin. Further studies will be required to elucidate the consecutive steps involving these factors that in response to RAsignaling are modulating downgrowth of the hf.
The molecular networks that regulate each hf type, (distinguished by length, number of medulla columns and number of bends in the shaft) is not fully understood. In our mouse model with dermal/dermal papilla-specific deletion of Cyp26b1 caused decreased percentage of zigzag hfs as well as the impairment of differentiation of zigzag hfs. The abnormal hfs presented a single medulla and had no bends, strongly supporting that the bending process is inhibited in a milieu with excess RA.
Several other mouse models have documented effects on the ORS, IRS or hair shaft that correlate with hair bending. The primary wave of hair growth is induced by Eda/Edar signaling, but this pathway has specific roles at different stages of hf development (5) . In mice with mutations in the Eda/Edar signaling pathway, even though there is induction of the secondary and tertiary hair placodes, there is absence of auchene and zigzag hairs (40, 41) . Epidermal overexpression of Eda-A1 also results in the absence of zigzag hairs (42, 43) . Knockout mice of EDA targets such as lymphotoxin β form primary hair placodes but produce zigzag hairs with no bends (44) . Notwithstanding the importance of the Eda/Edar pathway in initial regulatory signals of hf development, our results suggest that it is probably independent of RA signaling.
Igfbp5 is one of the first markers associated with bending in zigzag hairs in a regulatory cascade involving Igf1 signaling (12) and Krox20 (13) . Igfbp5 expression shifts dynamically from in dermal papilla to in hair matrix, finally moving in the segmental medulla (13, 45, 46) . Igfbp5 is part of a family of proteins, some of which (i.e. Igfbp3) have been shown to be regulated by RA in dermal papilla cells (47) . Interestingly, no hair phenotype is observed in the triple Igfbp-3, -4 -5 knockout model (48) and Igfbp5 expression was unperturbed in En1Cre;Cyp26b1f/-hfs, confirming that alternate RA-regulated pathways are involved in the mechanisms that determine bends in hfs.
Wnt signaling also has a role in the patterning of zigzag hairs (49) . Overexpression of the Wnt antagonist Dkk1 in the hair cortex under the control of the Foxn1 promoter leads to several hf defects featured in Tabby mice, including the absence of zigzag hairs. Moreover, epidermal overexpression of the Dkk4 Wnt antagonist also leads to complete loss of zigzag hfs (50) . We find upregulated expression of Dkk4 in the Cyp26b1-/-skin supporting a link between the heightened expression of these secreted Wnt inhibitors and the hair follicle development defects observed in the model with increased dermal RA levels. No significant upregulation of these inhibitors was found in the En1Cre;Cyp26b1f/-dermis to correlate with the specific hair type developmental defect observed in this mouse model. It is noteworthy to mention, that while we demonstrate elevated levels of RA in both Cyp26b1-/-and En1Cre;Cyp26b1f/-skin, the levels are substantially higher in Cyp26b1-/-. Furthermore, three known RA-stimulated genes, Crabp1, Crabp2 and Stra6 are only found significantly upregulated in the Cyp26b1-/-model (Table I) . This would support the correlation between progression of hf development and excess levels of RA.
Members of the Runx, Fox and Sox families of transcription factors are involved in the determination of hair structure. When Runx1 is specifically inactivated in the epidermis, most zigzag hairs form less pronounced bends that are misoriented and fragile (51) . Foxe1-null skin develops disoriented and misaligned hair follicles, and Foxe1-/-grafted skin presents aberrant the hair shape and septulation (52) . Dominant mutations in the Sox18 transcription factor have been correlated with a reduced number of hairs due to the absence of auchene and zigzag hair types (53, 54) . Analysis of our mouse models identified Runx1, Foxe1, Sox18 and Sox21 as significantly downregulated targets supporting a role for RA levels in regulation of these factors and a functional role in hair downgrowth and differentiation into distinct hair subtypes in mice.
Cyp26b1 knockout and dermal-conditional knockout mouse models were used to systematically identify RA novel target genes, and delineate the interactions with signaling pathways in dictating hf differentiation. Our results identify candidates for several key follicular signals such as Wnt/β-catenin, and members of the Runx, Fox and Sox families of transcription factors, as modulated by RA. Altogether, the data strongly support the conclusion that distinctive levels of RA are necessary to regulate pathways in a fashion that is conducive to hair downgrowth and specification of hair types.
Taking into account that 13-cis RA causes hair loss as one of the side effects in human, and acitretin, one of the retinoids often used for the treatment of psoriasis results in hair loss as a main side effect, defining the RA-dependent genetic program is the next step to determine the mechanisms involved in RA-induced hair loss.
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Clagett . β-actin signal is present in each lane as a 2 kb band and, two isoforms of β-actin, a 2 kb and a 1.6 kb form were observed in heart and skeletal muscle because of hybridization to the α or γ form of actin. B) Relative Cyp26b1 expression in embryonic day E14.5, E16.5, E18.5 and postnatal day 1, P1 total skin and in epidermal (Epi) and dermal (Derm) fractions of E18.5 and P1, determined by real-time PCR. Liver (Li) and Spleen (Sp) samples from adult mice were used as positive and negative controls, respectively. C) Radioactive in situ hybridization showed Cyp26b1 expression in the mesenchymal cells surrounding hf at E14.5, and in the dermis and hfs at E16.5, E18.5 and P1. *P<0.05 En1Cre;Cyp26b1f/-and Cyp26b1-/-skin compared to WT. E) Real-time PCR determined that RARβ expression is significantly upregulated in En1Cre;Cyp26b1f/-and Cyp26b1-/-skin at both E16.5 and E18.5. cKO, En1Cre;Cyp26b1f/-. Immunofluorescence against lef1 and Dlx3 expression where detected in both, E18.5 WT and En1Cre;Cyp26b1f/-skin. Keratin 5 (K5) was used as co-stain. DAPI nuclear staining is shown in blue.
Figure 7: Hf growth in En1Cre;Cyp26b1f/-mice after birth. A) Histological analysis of reveals diminished and disoriented hfs in En1Cre;Cyp26b1f/-skin. B) Hf density is significantly decreased in P7 En1Cre;Cyp26b1f/-skin compared with that in control skin. Sox2 and Lef1 expression is comparable in En1Cre;Cyp26b1f/-skin to WT at P7. C) Quantitative analysis of hair types at P7 showed that zigzag hairs are significantly decreased in En1Cre;Cyp26b1f/-skin. Right panel, analysis of morphology of hair types indicates zigzag-like hairs observed only in En1Cre;Cyp26b1f/-skin. D) Immunohistochemistry with anti-Igfbp5 shows similar expression pattern in En1Cre;Cyp26b1f/-and WT skin. Keratin 5 (K5) was used as co-stain. DAPI nuclear staining is shown in blue. E) Real-time PCR shows that RARβ expression is higher in P1 through P7 En1Cre;Cyp26b1f/-skin. Scale bar; 50µm. cKO, En1Cre;Cyp26b1f/-; ***P<0.001.
Figure 8:
Genes with differential expression in the microarray and RNA-Seq analysis. Ingenuity Pathway Analysis was performed on genes with a 2-fold change and q value < .05 in: A) RNA-Seq data set for E16.5 Cyp26b1-/-skin and of Microarray of E18.5 Cyp26b1-/-skin; B) RNASeq data set for E18.5 En1Cre;Cyp26b1f/-dermis and RNA-Seq data set for E18.5 En1Cre;Cyp26b1f/-epidermis. The level of upregulation is indicated by a scale from pink to red (lowest to highest upregulation), and the level of downregulation is indicated by a scale from light green to green (lowest to highest downregulation). Lines indicate biological relationship between genes. CP, canonical pathway. 
